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A c c e p t e d M a n u s c r i p t 5 processing. Moreover, because the intestine of living poultry is the only amplification site for 1
Campylobacter throughout the entire food chain, reducing the cecal Campylobacter load in 2 poultry during primary production is expected to significantly reduce the incidence of human 3 campylobacteriosis (Lin, 2009). 4
In Denmark, a quantitative microbial risk assessment of human campylobacteriosis 5 associated with thermotolerant Campylobacter spp. in broiler chickens was developed. The 6 simulations showed that reducing the number of Campylobacter bacteria on chicken carcasses 7 by 2 logs causes a 30-fold reduction in the incidence of campylobacteriosis in humans 8 (Rosenquist et al., 2003) . A Belgian risk assessment showed that the incidence in Belgium 9 would be reduced by 48%, 85% and 96% when respectively a one log, two log or three log 10 reduction of the Campylobacter contamination on carcasses would be achieved (Messens et 11 al., 2007) . 12 Theoretically, controlling Campylobacter colonization in poultry on-farm may be 13 achieved in a number of different ways, including hygienic and biosecurity measures (2.1.), 14
water treatment (2.2.), supplementing plant-derived additives to the feed (2.3.), bacteriophage 15 application (2.4.), vaccination (2.5.), passive immunization (2.6.) and application of pre-and 16 probiotics/competitive exclusion microflora (2.7.) or bacteriocins (2.8) . It is important to 17 differentiate between prevention and colonization-reducing measures, which intervene at a 18 different stage of the colonization process. Preventive measures, summarized in Table 1, aim  19 at reducing the probability of birds to become colonized by Campylobacter, while 20 colonization-reducing measures, presented in Table 2 , strive for a reduced cecal 21 Good hygienic farming practices constitute a strategy aiming at preventing the 10 introduction of Campylobacter into a flock by a combination of hygiene and biosecurity 11 measures. A Belgian quantitative microbial risk assessment showed that the incidence of 12 human campylobacteriosis in Belgium would be reduced by 32%, 53% and 77% when the 13
Campylobacter flock prevalence is reduced by 25%, 50% or 75% respectively (Messens et al., 14 2007 By treating the drinking water of poultry flocks, the risk of the animals to become infected 18 might be reduced, probably through a reduction in bacterial numbers both in the drinking 19 water and the crop. In this way, Campylobacter is less likely to reach the ceca and 20 transmission throughout the flock might be reduced or prevented . 21 In vitro studies have demonstrated that organic acids have a strong bactericidal effect on 22
Campylobacter spp. and addition of these acids to the drinking water on poultry farms could relatively low concentrations, especially the cinnamon-oil trans-cinnamaldehyde. The 20 potential use of in-feed trans-cinnamaldehyde to prevent colonization, and/or to reduce the 21 cecal Campylobacter numbers in broilers, has been examined very recently (Hermans et al., 22 2011 ). In this study it was shown that, despite its marked activity in vitro, trans-23 cinnamaldehyde was ineffective in preventing or reducing cecal colonization by C. jejuni in a 24 broiler seeder model, where the compound was administered at 0.3% (wt/wt) to the feed, from broilers fed medium-chain fatty acids (caproic, caprylic or capric acid) from three days before 17 euthanization in 28-day-old broilers. Also direct injection in the broiler cecum of a 18 concentrated sodium caprate solution did not prevent colonization, nor was it able to reduce 19 cecal Campylobacter numbers. These authors showed that intestinal mucus is likely to protect 20 C. jejuni in the broiler cecum against the bactericidal effects of organic acids seen in vitro. In 21 contrast, another research group observed a considerable reduction (several logs) in cecal 22
Campylobacter numbers when caprylic acid was given from three days before slaughter, in should not be a main obstacle as phages are highly specific and can only infect a limited range 7 of host bacteria. Moreover, their oral consumption, even at very high levels, is believed to be 8 completely harmless to humans. Answers concerning the efficacy seem to be more complex, 9 especially if long-term efficacy of the phage product has to be ensured. In the study of El- Campylobacter strains from phage-administered chicks at a frequency of 13%. Strikingly, 14 also before phage application resistance was observed, although at a lower frequency (6%), 15
indicating that Campylobacter can acquire phage resistance naturally. Nevertheless, an 16 increase in the resistant Campylobacter population was observed after applying phages, 17
suggesting that phages might have selected for resistant strains. Because further information 18 on this topic is lacking, long-term efficacy of phages to control C. jejuni in poultry cannot be 19 ensured. 20 Enterococcus and Escherichia and selected hundreds of strains that were active against C. 20 jejuni in vitro. A Lactobacillus strain was isolated from an adult chicken gut that showed 21 bactericidal effects against Campylobacter in vitro, probably by the production of organic were fed to chicks before or after artificial challenge with C. jejuni (Stern et al., 2008) . These 1 isolates were, however, able to produce bacteriocins which are able to reduce the 2 Campylobacter load in the gut of colonized birds (see further) . 3 It has been demonstrated that it is possible to use combinations of (heterologous) C. jejuni 4 chicken isolates for the competitive exclusion of human pathogenic C. jejuni strains in poultry 5 (Chen and Stern, 2001) . Circulation of uncharacterized environmental Campylobacter strains 6 in commercial poultry flocks could possibly be biologically controlled by a characterized 7
hyper-colonizing C. jejuni strain. Australian researchers identified such a strain that was 8 capable of displacing other colonizing strains and maintain itself in the chicken GI tract for 9 the entire 56-day broiler production cycle, without being displaced by other (hyper-10 )colonizing strains, once colonization was established (Calderon-Gomez et al., 2009). 11
With an approach called antibiotic dissection, day-old turkey poults were inoculated with 12 cecal contents of Campylobacter-free adult turkeys after which the microbial communities in 13 these poults were modified by different antibiotic treatments. It was investigated which 14 logs. However, birds were only seven to ten days of age and birds at slaughter age have not 7 been examined in this study. Further research by these authors led to the identification of two 8 more bacteriocin-producing isolates with marked anti-Campylobacter activity: E. 9 durans/faecium/hirae (NRRL B-30745) producing bacteriocin BCN E 760 and E. faecium 10 (NRRL B-30746) producing BCN E 50-52. Both bacteriocins were able to tremendously 11 lower (> 6 log 10 CFU/g or below detectable levels) the cecal C. jejuni load in inoculated 12 broilers. Also in market-aged broilers naturally infected with C. jejuni, these bacteriocins 13 were effective. BCN E 760 reduced the cecal Campylobacter load in these animals from an 14 average of log 10 6.2 CFU/g to undetectable levels when added to the feed four days before 15 slaughter. BCN E 50-52 at 10.8 mg per bird was able to reduce cecal colonization by > 5 log 10 16 CFU/g when added to the drinking water three days before slaughter. Supplementing BCN 17 760 in drinking water at 3.5 to 25 mg per bird for three days before slaughter was most 18 effective, resulting in a complete elimination of C. jejuni in 90% of the cases or else, a 19 reduction of over six logs. The safety of these bacteriocins was confirmed by conducting 20 experiments on monkey and human cell cultures as well as in treated mice and chickens. 21 To conclude, Campylobacter control in poultry faces many hurdles to overcome and 3
probably several strategies will have to be combined if one wants to develop a suitable, 4 reliable and effective strategy to eradicate this human pathogen from poultry flocks. 
